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INTRODUCTION
The size and the structure of the rooster comb are controlled by androgens. Swelling of the dermal connective tissue of the comb and an accumulation of interfibrillar material can be observed following the administration of androgens to baby chicks or castrated roosters (8, 14, 16, (19) (20) (21) . Histochemical evidence indicates that mucopolysaccharides are present in the dermis of the comb, in the so called "mucoid layer" (20) . Hyaluronic acid, as well as a small amount of * This investigation was supported in part by a research grant (A-1110) from the National Institute of Arthritis and Metabolic Diseases, United States Public Health Service, and by the Godfrey M. Hyams Trust.
Paper 71, Retina Foundation. sulfated mucopolysaccharide, has been isolated from the comb (4, 6, 18) . A correlation was found between the metachromatic interfibrillar substance and the hexosamine content of the comb in testosterone-treated cockerels (17) and in testosterone-treated capons (21) . The increase in the hexosamine content of the comb on androgen stimulation is due to the formation of hyaluronic acid, as shown by C~4-incorporation studies (2) . In the course of these experiments it was observed that the distribution of the incorporated C 14 among the various layers of the comb is not uniform.
In the studies reported in this paper an attempt was made to localize the sites of hyaluronic acid formation in the comb of testosterone-treated cockerels and capons after the administration of 320 C 14 ASSAYS ON ROOSTER COMB C14-1abelled glucose and glucuronolactone. The histological picture was correlated with the hexosamine, water, and C 14 content of the tissue. The distribution of the isotopic carbon was studied by autoradiography, and the specific activity of the total carbon in tissue sections was measured by gas-phase analysis of C 14.
Material and Methods
Experimental Animals.--Thirteen White Leghorn cockerels and roosters and White Rock capons were used. The age of the animals varied from 7 to 210 days. The White Leghorn cockerels and roosters were bred and kept at a poultry farm under natural lighting conditions and were transferred to the animal room of the Retina Foundation a few weeks before the start of the experiments, where they were kept under constant artificial illumination. The younger animals were fed standard baby chicken feedl; hard grain was added to the food of the animals over 6 weeks of age.
Both food and water were given ad libitum. Testosterone propionate 2 or testosterone enanthate 3 dissolved in sesame oil was administered intramuscularly in doses varying from 4 /zg. to 25 #g. daily. In one experiment testosterone propionate was applied locally to the surface of the comb. The comb response was registered either by measuring the area of the comb with a planimeter on a photograph taken under standard conditions (10) or by measuring the length and height of the comb (11) . In young animals the comb response to androgen treatment was expressed as the ratio of the comb weight (mg.) to the body weight (gin.), both measured at autopsy (9) .
The isotopes used were glucose-l-C 14 (G-I-C14), glucose-6-C 14 (G-6-C14), glucose-U-C 14 (G-U-C 14) and glucuronolactone-U-C 14 (GL-U-C14). 4 They were dissolved in 0.9 per cent sodium chloride and injected intraperitoneally in doses of 3.3 to 6.9 /~c./kg. body weight, except for one experiment in which the dose was 153.7/zc./kg. body weight. After a period of 6 to 24 hours the animals were killed by ether narcosis or by bleeding through the carotid artery.
Preparation of the Tissue.--Following the death of the animals the body weight and the comb weight were determined. The whole comb, or selected parts of 1 Purina super chick startena followed by chick growena, Ralston Purina Co., St. Louis.
2 Perandren propionate, Ciba Pharmaceutical Products, Inc., Summit, New Jersey.
Delatestryl, E. R. Squibb & Sons, New York. 4 G_I_C14 (specific activity 1.25 /zc./mg.), G-6-C TM (specific activity 1.02 #c./mg.) and G-U-C 14 (specific activity 1.17 #c,/mg.) purchased from Tracerlab, Inc., Boston; GL-U-C TM (specific activity 0.51 /zc./mg.) obtained through the courtesy of Corn Products Refining Company, New York. it, were frozen in dry ice-acetone and sectioned on a freezing microtome or in a cryostat. For isotopic carbon assay, frozen slices 150 to 300 ~ thick were cut on the microtome; each slice weighed approximately 50 to 200 mg. (wet weight). They were collected on aluminum dishes and dried to constant weight over phosphorus pentoxide in vacuo at 95°C. In some cases the slices were extracted for a few days with several 10 ml. portions of acetone, dried to constant weight, and then used for C TM assay.
Adjacent sections of 50 to 150 rag. (wet weight) were cut for determination of the hexosamine and water content.
15 to 30 /~ thick sections for histology and autoradiography were cut as close as possible to the above mentioned slices. In one experiment liver and cornea samples also were used for carbon assay. Liver samples were taken from the central part of that organ avoiding the capsule. Discs 4 to 5 ram. in diameter were cut from the center of the cornea with a cork borer and dried to constant weight as described above.
Carbon Assay.--The total carbon was determined manometrically after dry combustion of the samples, and C 14 was determined on the evolved carbon dioxide in gas phase (1) . The specific activity of the total carbon in the tissue was expressed as disintegrations per minute per milliatom carbon corrected for one #c. of injected activity per 100 gin. body weight.
Hexosamine determination was made on the acetoneextracted dried tissue samples, using a modified ElsonMorgan method (5) . The dried tissue sections were hydrolyzed in 12 N HCI for 4 hours at 85°C.
Histological and Autoradiographic Studies.--To
demonstrate the interfibrillar substance in the mucoid layer of the comb, the dried sections of the fresh frozen tissue were stained with an aqueous solution of 2 X 10 -4 M azure A. 5 Optimal staining was obtained after 5 to 10 minutes. The sections were then rinsed in distilled water and processed with methylbenzoate for permanent mounting (20) . Periodic acid-Schiff staining (PAS) was carried out on unfixed frozen sections (15) .
Sections used for autoradiography were dried in air at room temperature; some were extracted first with acetone. Autoradiograms were prepared by the apposition method using x-ray film. e The film and the sections on the glass slides were clamped together and kept in sealed boxes with desiccant at + 4°C. After an exposure time of 6 to 10 weeks, the autoradiograms were processed with Kodak D-19 developer. The sections used for autoradiography were subsequently stained with azure A or PAS. In some cases the sec- 
A. Use of Various C14-LabeUed Precursors in Testosterone-Treated Animals:
G-1-C ~4, G-6-C 14, GL-U-C TM were used as precursors to study the effect of various doses of testosterone on the C TM incorporation into the comb, cornea, and liver. Seven-day-old White Leghorn cockerels were treated for 2 weeks with daily doses of 250 /zg. testosterone propionate. The animals were then divided into two groups, which received a daily dose of 25 #g. and 250 #g. of the hormone, respectively, for an additional 5 days. Twelve hours after the last testosterone injection, each animal (body weight 190 to 200 gin.) received 1 ]~c. of one of the precursors and was killed 6 hours later. Cross-sections of the comb and samples of the cornea and the liver were used for carbon assay. The hexosamine and the water content were determined in the comb sections.
The results of these experiments are summarized in Table I . Comparing experiments 2-D and 2-E, it can be seen that larger doses of testosterone result in an increase in the comb weight and in the comb-body weight ratio. The hexosamine and water content and the specific activity of the carbon of the comb are also higher when the animal receives a larger dose of the hormone. However, the specific activity of the carbon in the liver and in the cornea does not increase with larger testosterone doses.
Another point of interest in this experiment is the difference in the specific activity depending on which precursor was administered (Experiments 2-A, 2-B, and 2-D). The specific activity of carbon was highest in the animal injected with G-6-C 14, somewhat lower after G-1-C 14 injection, and lowest in the GL-U-Clt-injected animal. Although this difference was also found in the comb and in the cornea, it was most marked in the liver.
B. Specific Activity of Carbon in Various Parts of the Cross-Sections of the Comb:
In one series of experiments the specific activity of carbon was determined in various parts of the comb using cross-sections cut at different planes. A 210-day-old White Rock capon was treated with a daily dose of 2 rag. testosterone propionate for 8 days. At the end of the experiment the area of the comb showed a threefold increase. 10 #c. GL-U-C j4 was administered simultaneously with the last injection of testosterone, and the animal was killed 24 hours later. Three 500/z thick crosssections were cut from the middle of the comb, and each section was divided into six parts as illustrated in Text- fig. 1 . Sections from each part were used for carbon assay and for determination of the hexosamine and water content. The specific activity of the carbon, the hexosamine, and the water content differed considerably among the various segments. The segments were also quite different in tissue composition: practically no fat tissue was present in the top sections, while approximately one-third of the bottom sections consisted of fat tissue. This variation in the composition of the samples influences the hexosamine and the water content, both of which are highest in the mucoid layer and lowest in the fat tissue (22) . The specific activity of carbon was lowest in samples with a high fat content, suggesting that the specific activity in the fat tissue was considerably lower than in the mucoid layer.
A similar experiment was carried out on a M-day-old White Leghorn cockerel treated for 21 days with testosterone, receiving a total dose of 5.85 mg. The animal then received 1 ~c. G-1-C 14 and was killed 6 hours later. The comb-body weight ratio was 19.2 compared to a ratio of 1.1 in the control animal. Several cross-sections were cut as in the previous experiment and subsequently divided into three parts as illustrated in Text- fig. 2 . Each part was used for C 14 assay, before and after acetone extraction, and for hexosamine determination. In unextracted samples the specific activity of carbon was highest in the top and lowest in the bottom sections. After acetone extraction the reverse was found to be true; i.e., the hexosamine content was highest in the bottom samples. The specific activity-hexosamine ratio in the acetone-extracted tissues was the same in all three segments (Text- fig. 2 ).
A horizontal cross-section of the comb of a testosterone-treated cockerel was used for similar experiments. The description and treatment of the animal is given in Table I (2-D) . Four different parts of the horizontal cross-sections were taken from the lower segment of the comb as shown in Text- fig. 3 . C TM assays were performed on the various parts before and after extraction with acetone. The specific activity showed considerable variation in the different parts, being highest and most uniform in the acetone-extracted sections.
C. Specific Activity of Carbon in the Different
Layers of the Comb:
Samples of the various layers of the comb were obtained by sectioning the tissue parallel to its surface. Two 72-day-old White Leghorn roosters were used for these experiments. The animals re-TEXT- FIG. 2 . Effect of acetone extraction on the specific activity in the various parts of the comb. Vertical cross-section of the comb of a testosteronetreated cockerel after the administration of G-1-C 14. Specific activity: dpm/mA carbon. Hexosamine content determined on acetone extracted tissue and expressed as per cent of dry tissue weight. Photograph of azure A-stained cross-section is 0.82 X original.
TExT -FIG. 3 . Effect of acetone extraction on the specific activity in the various parts of a horizontal comb section from a testosterone-treated cockerel after the administration of G-1-C TM. Specific activity: dpm/mA carbon. Photograph of azure A-stained cross section is 0.62 )< original. ceived 4 mg. testosterone daily for 9 days. The two animals were injected with 3 ~c. G-I-C TM and G-6-C 14, respectively, and killed 12 hours after injection. The comb was frozen in dry ice-acetone and a cylinder 8 mm. in diameter was punched out of the central part of each comb at a right angle with the surface. The tissue cylinder was then sectioned on the freezing microtome into serial sections of alternating thickness (20 and 250 /x). The 20 /z thick sections were used for histological controls, and the 250 ~ thick slices were dried to constant weight for C 14 assay. The sectioning was started at the epithelium and continued to the middle of the central core containing the fat tissue. Due to the difference in the thickness of the mucoid layer in the two animals, the total number of slices was fourteen from the animal which had received G-6-C TM and ten from the animal which had received G-1-C 14.
TEXT -FIG. 4 . Specific activity in the various layers of the combs of two testosterone-treated roosters after the administration of G-1-C 14 and G-6-C 14, respectively. Specific activity: dpm/mA carbon. Each bar represents one tissue slice. Schematic drawing of the histological structure of the comb reconstructed from stained sections cut between slices used for C 14 assay.
The specific activity of carbon in the various slices is shown in Text-fig. 4 . The highest values were found in the mucoid layer, with considerable variations; the slices containing epithelium and fat tissue showed a much lower activity. The specific activity also varied with the type of precursor used; v/z., in the animal which received G-6-C TM as precursor the specific activity of carbon was approximately 4 times higher throughout the whole comb than in the animal which received G-1-C 14.
D. Correlation of the Specific Activity of Carbon and Autoradiography:
Further localization of the C 14 in the tissue was attempted by combining C TM assay with autoradiography. Two 16-day-old White Leghorn cockerels were used in this experiment. Testosterone treatment consisted of local administration of approximately 0.1 ml. of a 1 per cent solution of testosterone propionate to the surface of the comb daily for 13 days. In addition, two intramuscular injections of 250 /zg. testosterone were given to both animals on the last 2 days of treatment. Twelve hours after the last injection of B, Schematic drawing of the histological structure of the comb reconstructed from stained sections cut between slices used for C 14 assay. testosterone, 52.1 #c. G-U-C 14 was injected intraperitoneally into one animal (body weight 274 gin.), which was killed 12 hours later. The other animal received the same hormone treatment but no C 14 precursor, and it was sacrificed for histological and autoradiographic control studies. The comb-body weight ratio of the two animals was 11.8 and 10.4, respectively, as compared with 1.6 for the untreated control animal.
A cylinder of 9 mm. diameter, perpendicular to the surface, was punched out of the frozen comb (Text- fig. 5 A, a) . 30 ]z thick sections for autoradiography were alternated with 240 /z thick sections for C TM assay. Cross-sections were prepared as close as possible to the edge of the tissue cylinder (Text- fig. 5 A, b) , as well as from another part of the comb (Text- fig. 5 A, c) , and used for autoradiography before and after acetone extraction.
C 14 ASSAYS ON ROOSTER COMB
The distribution of the specific activity of carbon in the 240 ~ thick slices of the tissue cylinder cut across the comb is shown in Text-fig. 5 A. The distribution is similar to that shown in Text- fig. 4 ; viz., the highest activity is in the mucoid layer. The sections, stained with azure A, show that the epithelium was not parallel to the cutting plane and that some epithelium was present even in the third slice (Fig. 2, Picture 3) . The border between the mucoid layer and the central core also did not lie within the sectioning plane. A schematic reconstruction of the distribution of the various tissues in the cross-section of the cylinder is shown in Text-fig. 5 B. A cross-section of the comb taken from the area next to the cylinder (as indicated in Text- fig. 5 A, b) is shown in Fig. 1 after staining with azure A. The autoradiogram of this section ( Fig. 1 C) shows blackening at the sites corresponding to the epithelium. Over the mucoid layer, which stains metachromatically, the grain density is much greater than over the area of the unstained central core (Fig. 1 A) . A slight increase in grain density can be seen toward the inner edge of the mucoid layer where heavy collagen strands stain intensely with PAS (Fig. 1 B) .
The same distribution of C 14 could be observed in the autoradiograms of sections cut from the same cylinder (Text- fig. 5 A, a) . These autoradiograms are shown in Fig. 2 . The first picture shows a section of epithelium cut tangentially, and on the autoradiogram very heavy blackening appears over this area. The presence of some epithelium is still evident in the subsequent three sections (Fig. 2, Pictures 2 to 4) . There is diffuse blackening over these sections containing only mucoid layer. In subsequent sections (Fig. 2 , Pictures 6 to 9) increased grain density appears, corresponding to certain areas of collagenous tissue and to the junction of the mucoid layer and the central core. Large blood vessels, heavy strands of collagenous fibers and intensely metachromatic interfibrillar material are located here. The areas of these increased grain densities are shown under higher magnification in Figs. 3 to 5. In Fig. 3 one can see that the blackening of the film and the intensely metachromatic area in the section do not completely overlap. Fig. 4 demonstrates the increased grain density over the large blood vessels. It is interesting to note that only one of the two blood vessels in the section caused this. The intense grain density over the dense collagen fibers is shown in Fig. 5 C. The same area stains intensely with PAS (Fig. 5 B) , but not with azure A (Fig. 5 A) . Fig. 6 shows an autoradiogram and the corresponding azure Aand PAS-stained cross-sections of acetoneextracted tissue from the same comb (Text- fig.  5 A, c) .
To check the chemical effect of the tissue on the photographic emulsion, sections from a control animal which did not receive radioactive carbon were used for control autoradiograms. After 10 weeks' exposure on x-ray film, a slight increase in the grain density was observed only over the central fat tissue. This increased grain density was not present when acetone-extracted tissue sections were used.
DISCUSSION
The experiments reported show the applicability of gas-phase C TM assay, used with autoradiography, for the study of tissue sections. The sensitivity of the carbon determination method used permits one to estimate the amount of carbon in 1 to 2 milligrams of dry tissue; in rooster comb this corresponds to sections of 1 cm3 approximately 100 ~ thick. The sensitivity of the C TM assay permits the measurement of approximately 100 disintegrations per minute per milliatom carbon. It is obvious, however, that the results, expressed as specific activity of the total carbon of the tissue, do not reveal any information regarding the chemical identity of the C 14-containing compounds. Extraction with cold acetone was used in these studies to exclude from the determination such compounds as glucose, amino acids, and some lipides.
Despite the high sensitivity of these methods, in terms of histological structure, the final resolution is not more than a few hundred microns. Depending on the experimental conditions and the quality of the emulsion used, autoradiography permits a much finer localization of C 14. If the procedure is carried out under optimal conditions, the grain density on the autoradiograms will reflect the concentration of the radioisotope in the exposed tissue area. One must bear in mind that possible sources of error in the autoradiographic technique may be misleading in the evaluation of the results (7). In the final analysis, the chemical identification of the radioactive compound in the tissue will depend on the specificity of the histochemical test used with autoradiography.
In these studies unfixed frozen sections were used for autoradiography. The use of liquid fixatives was avoided in order to prevent the loss and displacement of water-soluble macromolecules such as hyaluronic acid (20) . A displacement of the water-soluble macromolecules, due to diffusion, may occur during the drying process. This may explain the difference sometimes found between the site of maximum grain density on the autoradiogram and the metachromatically stained tissue area (Fig. 3) . Metachromatic staining carried out under adequate conditions can be considered a specific method for the localization of the anionic sites of acid mucopolysaccharides in the extracellular areas of connective tissue (3, 22) . The PAS reaction test was found to be negative in the interfibrillar ground substance of the mucoid layer where metachromasia was strongest, but it was positive in the collagen fibrils of this layer as well as in those of the central core where metachromasia was weak or completely absent (20) . Although the nature of this extracellular PAS-positive reacting material is not known, it has been suggested that glycoproteins are primarily responsible for the positivity of this reaction (12, 13) .
The present results show that androgen stimulation results in an increase in the specific activity of carbon in comb tissue, especially in the mucoid layer. In other tissues, such as liver and cornea, testosterone treatment does not affect the specific activity of carbon. While it is known that treatment with androgen increases the rate of formation of hyaluronic acid in the comb (2, 4) , the formation of the corneal mucopolysaccharides does not seem to be influenced by androgens.
It is interesting that the difference in the specific activity of carbon, using G-1-C TM, G-6-C 14,
and GL-U-C ~4 as precursors, can be observed not only in the different tissues of the comb but also in the liver and the cornea. This suggests that whatever mechanism is responsible for this phenomenon operates throughout the whole body and not just in the comb. More detailed investigations on this problem are in progress and have been reported briefly elsewhere (2) . One possible explanation for this difference is that, in the tissues of young animals, glucose is metabolized not only through the Embden-Meyerhof pathway, but also through alternative oxidative pathways such as the pentose monophosphate shunt. In this case, the specific activity of carbon in the triose pool and in the glucose pool will be lower when G-1-C 14 is injected into the animal than when G-6-C 14 is injected. Consequently, whatever compound is metabolized from these pools will reflect this difference. Carbon assays of tissues taken from various parts of the comb show that the highest specific activity of carbon is in the mucoid layer. Its correlation with the hexosamine content of adjacent tissue slices, determined after acetone extraction, is surprisingly good. One must remember, however, that the total amount of hexosamine in a tissue does not necessarily account for its hyaluronic acid content. It has been shown, in fact, that significant amounts of hexosamine that do not belong to hyaluronic acid are present in the various tissues of the comb (4, 17) .
Autoradiograms of comb sections show a diffuse over-all increase in the grain density of the mucoid layer, which is especially marked toward the edge joining the central core. These results agree with histological observations on the effect of hormone treatment in capons and cockerels and on the normal development of the comb (19, 21) , since it has been found that during the development of the comb the interfibrillar metachromatic material first appears at the base of the comb and at the junction of the mucoid layer and the central core.
The grain density seen in the autoradiograms increases toward the inner edge of the mucoid layer, where a positive PAS reaction was found (Text- fig. 5 and Fig. 6 ). This suggests that significant incorporation of the precursor occurred in some component of the collagen fibers or in substances adjacent to it. From determinations of the hydroxyproline content of the comb tissue at various stages of androgen treatment (21) and from the considerable increase in the total area of the comb in the course of this treatment, one can assume that significant collagen formation takes place. Consequently, it may be assumed that the glucose precursor is also utilized in the formation of other carbohydrate-containing compounds closely associated with the collagen fibers, probably glycoproteins. The heavy blackening noted in the autoradiograms over the epithelium indicates that the C14-glucose is metabolized in this tissue. The epithelium of the comb undergoes rapid and extensive expansion during androgen stimulation. In only a few days the area often increases to several hundred per cent of the original and considerable mitotic activity is seen therein (19, 21) . 
